Abstract -This manuscript presents evaluation of various strategies used for the scale-up of chromatographic purification systems. Towards that end, the manuscript provides development and optimization of a single-step whey protein concentrate (WPC) fractionation process at lab scale on a 1.0 × 19 cm column using UNOsphere S. Subsequently, scale-up of this newly developed process and conduction of trials at higher scale is also undertaken by applying various scale-up strategies. For these trials, this work categorized various scale-up factors into constant velocity (C V ) and constant bed volume per hour (C BVH ) scale-up methods. Scale-up trials in bigger diameter (1.5 cm and 2.5 cm) columns with height to diameter ratio (H/D) =19 and <19 were performed. The effects of changing flow velocity and H/D ratio due to the applied scale-up strategy were evaluated and compared with lab performance in terms of resolution vs. lower equivalent to theoretical plate (HETP) relationship. The C BVH method was found to be an efficient method for the scale-up of the developed whey protein resolution system. Also an equation for the prediction of resolution in a scaled column on the basis of a HETP-resolution correlation is presented. It is useful for the prediction of either resolution or bed height in scaled column of WPC or similar biomolecular purification systems.
INTRODUCTION
Scale-up of any chromatographic purification process is possible by establishing proper scale-up factors which reproduce the thermodynamic and hydrodynamic performance of bench level. However, selection of suitable scale-up factors and how they are involved in recreation or deviation of bench scale *Correspondence: Umesh Ingle, E-mail: umesh.udctmumbai@gmail.com, umeshingle@praj.net separation performance is important. This is possible only by comparative study of the effect of different scale-up approaches for the scale-up of one specific chromatographic purification system. In the current work such a comparative evaluation is conducted by the case study of whey protein resolution. For this purpose a new single step chromatographic method for the resolution of whey protein concentrate (WPC) is developed in the current work.
Whey is the byproduct of the cheese making process. It is a dilute mixture of proteins, lactose, minerals and vitamins. Earlier, dilute whey was considered to be a waste product. However, nutritional and health benefits of the proteins present in whey have attracted a great deal of market interest in recent years. Whey contains about 63 g L -1 solids of which 50 g L -1 is lactose and 6 g L -1 are proteins (Doultani et al., 2004) . Major proteins of whey include α-lactalbumin (ALA), β-lactoglobulin (BLG), immunoglobulin (IgG), bovine serum albumin (BSA), and glycomacropeptide (GMP). Minor but valuable proteins in whey are lactoferrin (LF) and lactoperoxidase (LPO) due to their medicinal and nutritional benefits.
Various methods based on precipitation (Pearce, 1983) , ultra-filtration with thermal aggregation (USA 5503864; USA 4485040), and chromatography (Hann et al., 1998; Gerberding and Byers, 1998) have been reported in the literature for the purification of proteins from dilute whey. Of these methods, the ultrafiltration membrane technique was primarily used for the concentration of dilute whey (Baldasso et al., 2011) . However, selective separation by membrane techniques on the basis of size requires a large difference in molecular weight and would therefore be limited to separating only certain protein components of whey (Goodall et al., 2008) . To overcome this limitation Kirstiansen et al. (1998) used a combination of chromatographic and membrane processes for the fractionation of BLG and ALA from whey. This approach was improved further through the work of Saufi and Fee (2011) by developing a hybrid cationic mixed matrix membrane (MMM) method for the recovery of LF from bovine whey. This method is limited to the isolation of LF and LPO from whey. Voswinkel and Kulozik, (2011) reported a membrane adsorption chromatographic method for the isolation of proteins from whey.
In the context of isolation of proteins from whey, the use of chromatographic methods is considered to be promising as they have the capability to fractionate whey into a number of proteins in a single step (Doultani et al., 2003) . Fee and Chand (2006) have reported a method based on cation chromatography for the isolation of LF and LPO from the dilute whey. Santos et al. (2012) reported an anion exchange method for the isolation of BLG from whey concentrate. However, most of these reported chromatographic methods are either based on specialized separation media or multistep low purity processes or for the purification of only two proteins like LF and LPO (Faraji et al., 2015) . Most importantly, reported whey protein isolation methods are of the multistep type, requiring the development of a single-step whey proteins isolation chromatography method for the detailed study of scale-up aspects.
It has been observed from the above literature that a single-step resolution of various proteins in whey is possible by exploiting various operating and design parameters of ion exchange chromatography. Therefore, the present work invested efforts in the resolution of proteins from a rich source of whey proteins called whey protein concentrate (WPC) to avoid multistep and cumbersome processing of dilute whey. The WPC contains 24-80% of mixed proteins. The crucial task in the development of a single-step chromatographic method from WPC is the resolution of ALA and BLG. Both these proteins are structurally similar with a difference in their isoelectric points; ALA is 14.0 kDa in size (pI = 4.2-4.5) and BLG is an 18.3 kDa molecule (pI = 4.8-5.2). Therefore, a cation exchange chromatographic method is effective for the exploitation of the charge and size variation of these two proteins and other proteins in whey to achieve the objective of a single column resolution process. This resolution of ALA and BLG is also important for the evaluation and measurement of effectiveness of the strategy applied for the scale-up of lab developed processes.
Various reports based on the recreation of hydrodynamic conditions by changing column design and operating parameters are available for the scaleup of chromatographic purification systems (Jansson and Jonsson, 1989; Lightfoot, 1999; Moscariello et al., 2001; Levison et al., 1992; Wilhelm and Riba, 1989; Wankat and Koo, 1988; Shanagar, 2005) . In most of these reports, the scale-up of a chromatographic column is achieved by increasing the column diameter while keeping the bed height, the sample concentration, and the ratio of gradient volume to column volume constant (Ishihara et al., 2007; Hagel et al., 2008) . In this case the sample volume and the volumetric flowrates are increased by the factor (D 2 /D 1 ) 2 , depending on the scaled column dimensions, where D 1 is the bench scale diameter and D 2 is the scaled column diameter. One approach reported in the literature for chromatographic scale-up is the establishment of a HETP-velocity relationship at lab scale by performing experiments on different diameter columns and applying it for scale-up (Heuer et al., 1996; Rathore and Velayudhan, 2002; Mollerup et al., 2007) . Another approach suggests scale-up by enlarging the height of scaled column with constant H/D ratio. One thus has to make decisions with regard to the design of the H/D ratio for the successful scale up from lab to plant scale (Vorauer et al., 1992) . A low H/D ratio or scale-up just by increasing column diameter may result in an unacceptably low resolution due to an improper flow distribution or lower number of equilibrium stages. Also a substantially lower H/D ratio than lab scale reduces the supporting force that keeps the particles in place as a smaller number of particles are supported by the column wall. However, a higher H/D ratio than lab scale cannot always maximize peak separation; moreover, it may lead to band spreading and increase of peak width, which reduces separation performance and increases overall run time and mobile phase consumption. Due to an increased H/D ratio at higher scale, the bottom of the column feels the high pressure drop, as well as weight of the filled adsorbent bed itself.
However, in the open literature, limited information is available on the contribution of H/D or other selected scale-up factors in reproduction or deviation of separation performance of scaled column than bench set up. Apparently, the literature lacks systematic comparison of the effect of scale-up strategy, the H/D ratio and other factors are involved in the reproduction of lab level separation performance. Such a comparison is possible only when all the reported scale-up strategies are applied for the scaleup of one particular purification system. To address the above mentioned gaps, the current work first involves development of a lab scale chromatographic method for the separation of proteins in whey, then conduction of scale-up trials by applying various scale-up strategies to study the impact of the scale-up factors involved on reproduction of purification performance. In the current work this comparison is performed by the scaling of the chromatographic separation of proteins in WPC.
To attend all the issues, the present study categorized the scale-up factors into two distinct classes: (i) constant velocity, C V and (ii) constant bed volume per hour, C BVH (Charm and Matteo, 1971) . Both these methods are applied for the scale-up of the developed lab scale whey protein resolution process. The effect of the scale-up factors involved is studied with a HETP-velocity relationship and by resolution of ALA and BLG. The correlation for the prediction of resolution based on the selected scale-up factors is also presented. The correlation is useful for the prediction of either resolution or bed height of the scaled column for whey protein or similar purification systems depending on the operating and design parameters of the intended scaled system.
MATERIALS AND METHODS

Adsorbents, Columns, Equipment and Chemicals
The strong cation exchange matrix, UNOsphere S, was a gift sample from Biorad Laboratories Ltd., USA. The detailed properties and characteristics of the UNOspher S matrix are shown in Table 1 .
Bio-Rad Econo glass columns of size 1.0 × 30 cm, 1.5 cm × 20 cm, 1.5 cm × 30 cm, 2.5 cm × 5.0 cm and 2.5 cm × 50 cm with respective size adaptors for the conduction of lab and scale-up experiments were a gift from Bio-Rad Laboratories Ltd.
Experiments were performed using the Biologic Duo flow Path Finder preparative chromatography system of Biorad Laboratories Ltd., USA. Tris hydrochloride, i.e, tris(hydroxymethyl) aminomethane, and sodium acetate buffer were purchased from Sigma, India. Sodium chloride and sodium hydroxide were purchased from Merck, India. The Milli-Q water required for the preparation of buffer was produced in the lab by a water purification system of Millipore India Ltd.
Whey Protein Concentrate (WPC) Sample
Whey protein concentrate (WPC) powder (protein content 80%) was purchased from Dynamix Dairy industries Ltd., India. Major proteins present in WPC include α-lactalbumin (ALA) and b-lactoglobulin (BLG), with commercially important lactoferrin (LF) and lactoperoxidase (LPO). The content of various proteins of WPC with their properties are shown in Table 2 .
Loading samples for the resolution experiments were prepared by dissolving a weighed amount of WPC powder in 25mM sodium acetate buffer of pH 3.2 to make a solution of 10 mg.mL -1 of total protein concentration.
Determination of Electrophoretic Purity
The purity of proteins separated by chromatography was analyzed by sodium dodecyl sulphate 10% polyacrylamide gel electrophoresis (SDS-PAGE) as described by Laemmli (1970) . Equal amounts of proteins were applied under non-reducing conditions. The gel was stained with silver and coomassie staining and documented using a gel imaging and documentation system (Versadoc, Bio-Rad).
Operating Conditions
Equilibration buffer: The equilibration phase was prepared by dissolving 25mM of sodium acetate in Milli-Q water to which acetic acid was added to attain a pH of 3.2.
Elution buffer I (Elu-I): This was prepared by dissolving 25mM of sodium acetate in Milli-Q water with addition of 1.0 M NaCl, then the pH was adjusted to 3.2.
Elution buffer II (Elu-II): Another elution buffer was prepared by dissolving 25mM tris with addition of 1.0 M of NaCl in Milli-Q water; then the pH was adjusted to 8.0 by the addition of concentrated hydrochloric acid.
Linear gradient elution: In this mode, the elution strength of the mobile phase was linearly modified with time. It was achieved by mixing the two mobile phases in respective proportions by adjusting their flow rates. In this study, a linear gradient was applied by changing the Elu-I content from 0-100% in the equilibration buffer. This was done by pumping equilibration buffer using pump A and Elu-I by using pump B of the Biologic Duo flow system. The flow rates of both of these pumps were programmed using the system software to produce the desired change of Elu-I percentage with time in the final mixed composition going to the column at a desired flow rate.
Step Gradient elution: Elution strength (% Elu-I) in the elution phase corresponding to the elution peaks obtained in linear gradient conditions was determined. Depending on the values from the linear gradient run, new buffer compositions of estimated elution strength, pH and conductivity conditions were prepared.
Various elution phases such as 0.5M NaCl in 25mM sodium acetate, pH 3.2, 0.75M NaCl in 25mM sodium acetate, pH 3.2, 1.0M NaCl in 25 mM sodium acetate, pH 5.0, 1M NaCl in 25mM Tris-HCl, pH 8.0, were prepared for step gradient elution.
Resolution of WPC in Column Mode: Whey Fractionation Method
Experiments to develop the lab scale whey protein resolution process were carried out by packing adsorbent up to 19 cm height in a 1.0 cm × 30 cm glass Econo column. The quality of packing was checked by the distribution of an acetone pulse at the column outlet. Uniform binding conditions were developed by equilibrating the column with three bed volumes of equilibration buffer. After that, a WPC sample of volume 4.0 ml was loaded on the column. Washing was done with a 2.0 bed volume (BV) of equilibration buffer. For the distinct identification of the effect of scale-up strategy, elution optimization was devised to obtain the resolution of two proteins (peaks) in the same elution step. To achieve this, various elution strategies were applied. Initially, linear gradient elution from 0 to 100% between equilibration buffer and Elu-I was applied to obtain the desired resolution. This linear gradient elution was then converted into a number of elution steps of NaCl concentration. Regeneration was done by using 2.0 BV of buffer Elu-II. The flow conditions were varied in the range of 38 to 380 cm h -1 to study the effect of flow rate on the established resolution.
Scale-up Studies
The effect of scale-up strategy on purification performance was accounted for by the variation of resolution coefficient of two proteins with similar characteristics established at lab level.
In scale up trials thermodynamic conditions for binding were kept identical by following the optimized lab scale WPC resolution process. The parameters reported in Table 3 corresponding to C V and C BVH strategies were used for the scale up of lab process. The effect of aspect ratio was incorporated by conducting scale up experiments in two ways: (i) trial runs by keeping the resin volume in the lab and scaled column constant, i.e. H/D < 19 and (ii) trial runs conducted
The scale-up factor for loading was determined using Equation (1) for all the scale-up trials (Wankat and Koo, 1998) . (1) where V inj = sample volume loaded on the column, V col is the packed column volume. Other scale up factors were determined as per the C BVH or C V strategy, as reported in Table 3 . Numerous experiments were performed in larger 1.5 and 2.5 cm diameter columns by maintaining operating conditions according to the scale-up factors of the C BVH and C V strategy.
RESULTS AND DISCUSSION
Resolution of Whey Proteins by Cation Exchange Chromatography
The design of chromatographic processes for purification of biomolecules mainly involves: (a) selection of the mode of interaction based on the nature of the separation problem and (b) optimization of operating conditions for the desired purification. The selection of mode of interaction depends on the properties of the molecule of interest and interfering components. WPC is a mixture of different size proteins having isoelectric points (pI's) in the range of 4.2 to 9.5, as given in Table 2 . This charge and size variation of whey proteins was possible to exploit by employing a macroporous cation exchange chromatography resin to achieve the objective of a single column separation process for scale up studies. To attain the process requirements, the following conditions are required: an adsorbent of high binding capacity, strong binding strength towards WPC proteins and superior intraparticle diffusion characteristics. UNOsphere S media provides a loading capacity of 100 mg (mL resin) -1 and strong binding strength with respect to lysozyme. Also, it was found that UNOsphere S showed superior intraparticle transport characteristics, having a normalized diffusivity (effective diffusion/ molecular diffusion) of 1.45 for lysozyme on the Hunter and Carta (2000) evaluation scale. In addition, Ingle and Lali (2017) reported that UNOsphere S adsorbent showed high pore permeability and superior pore area accessibility for 66 kDa size proteins. Therefore, cationic UNOSphere S was selected for the purification. Considering the pI range of proteins in whey, 25 mM sodium acetate of pH 3.2 was designed as an equilibration phase for establishment of complete binding conditions.
Optimization of the operating and elution conditions was then carried out for the resolution of two proteins with similar characteristics in the same elution step. Initially for the determination of elution strength of the bound proteins of WPC and for their resolution, a linear elution gradient (changing the Elu-I concentration from 0-100%) of 20 bed volumes (BV) was applied to the cation column. This resulted into fractionation of the bound WPC mixture into four different peaks. These peaks were named A, B, C and D according to their elution sequence and analyzed by SDS-PAGE. Elution of the last peak D was possible only after increasing the pH conditions along with elution strength. Figure 1 showed that peak A, which was obtained as a flow-through fraction, was a peak of glycomacropeptide (GMP). SDS-PAGE analysis, Figure 2 , showed that Peak B was primarily BSA, peak C was a mixture of BLG and ALA, peak D was LPO. Further, fractionation of the remaining components of WPC was done by shallowing the gradient slope. For this, the 20 BV linear gradient was modified to 26 BV. This modified shallow gradient resulted in the fractionation of the single peak C into two different peaks C 1 and C 2 , as shown in Figure 1 . Application of a linear gradient for bigger diameter columns causes radial and axial deviation in elution strength of the mobile phase. Therefore, the linear gradient was transformed into a step gradient protocol. The elution strengths of gradient steps were estimated by correlating the conductivity (% Elu-I) of the mobile phase with the elution strength of the corresponding peaks obtained in linear gradient process (Pedersen et al., 2003; Yamamoto and Ishihara, 1999) . The elution strength of the second gradient step was optimized to obtain resolution of peak C into individual protein peaks C 1 and C 2 in a single step. These peaks C 1 and C 2 were collected separately and analyzed by SDS-PAGE for the confirmation of protein components eluted as shown in Figure 2 .
SDS-PAGE analysis showed that C 1 was the peak of α-lactalbumin and C 2 was the protein β-lactoglobulin. Resolution of these two individual proteins in a single step was the requisite of the lab scale method for the study of the effect of scale-up strategy on separation performance. Exploiting the correlation of elution strength of protein peaks with composition of elution buffer, the optimized steps of the gradient elution protocol developed were as: first step: 0.5M NaCl with a pH of 3.2; second step: elution in 0.75M NaCl with slightly higher pH of 3.7; and third step elution in 1.0M NaCl of pH 8. The last elution step causes elution and regeneration of the column and makes it ready for the next cycle of operation. This modified step gradient process fractionates whey in to five different fractions, A, B, C 1 , C 2 and D as shown in Figure 3 . The densitometric analysis of the fractions obtained from the modified step gradient method showed that Peak A of GMP proteins was 91% pure with 89% recovery of the loaded amount; Fraction B was protein BSA with purity of 56% with recovery of 92.5% of the loaded amount; fraction C1 was ALA having purity of 97% with recovery of 80%, fraction C2 was BLG having purity of 93% with recovery of 61%, while fraction D of LPO was of purity 95% with recovery of 76%.
Evaluation of Lab Scale Performance: Variation of Resolution with Velocity
The effect of flow velocity on the resolution of peaks C 1 and C 2 was studied by conducting bench scale trials in the 38-520 cm h -1 flow velocity range with the developed optimized protocol. Resolution of the two neighboring peaks C 1 and C 2 was determined by Equation (2) using the experimental elution time and peak variance data obtained from these trials (Meyer, 2004) . 
The optimized bench scale process (Figure 3 ) produced a resolution of 1.6 between peaks C 1 and C 2 at a flow velocity of 38 cm h -1 . High flow velocity showed a pronounced effect on resolution. It decreases nonlinearly with the increase of flow velocity. Variation of the resolution with the increase of flow velocities and number of plates for the lab scale column is shown in Figures 4a and 4b . Depending on the experimental data, the correlation of the variation of resolution for the peaks C 1 and C 2 with number of theoretical plates for the lab scale column was found to be:
The above correlation accounts for the variation of resolution with the number of plates as a function of flow velocity. It is used for the comparison or differentiation of the performance of the scaled column with the lab scale system.
Scale-up Studies for the WPC Resolution System
Constant veloCity sCale-up: For H/D < 19 (C v, (H/D<19) )
In this technique, scale-up trials were carried out over a range of flow velocities in lower height-large diameter 1.5 cm × 8.5 cm and 2.5 cm × 3.2 cm columns by keeping bed volume and the corresponding loading constant to that of the lab scale system. The flow rate required for the trials was estimated using the cross sectional area of the scaled column to keep the velocity range the same as that of the bench scale system. The detailed design and operation conditions used for this scale-up criterion are given in Table 3 .
Separation performance was severely affected in the 2.5 cm diameter scaled column. It did not produce any kind of resolution between peaks C 1 and C 2 , and both of these components were eluted as a single peak. This was due to the small bed height provided for the resolution of close components. The other 1.5 cm diameter scaled column produced a lower resolution of 0.53 of the same C 1 and C 2 peaks compared to 1.08 of the lab scale trial at 76 cm h -1 . Comparison of preparative chromatograms of WPC resolution performed at 76 cm h -1 velocity for the lab scale 1.0 cm column and the bigger diameter 1.5 cm column scaled by the C V, H/D<19 method is shown in Figure 5 . Similar results of lower resolution than bench scale were obtained for the trials conducted in the range of 38-520 cm h -1 velocities for the 1.5 cm diameter column. To find out the reason behind this loss, the variation of the resolution with the number of plates and flow velocity for the scaled 1.5 cm diameter column was compared with lab scale performance as shown in Figures 4a and 4b . The low resolution in the scaled 1.5 cm diameter column was due to the lower number of stages provided by its shorter bed height. Also, the trend of variation of resolution with number of plates of this low height-larger diameter scaled column was different than the lab scale, when operated by the constant velocity approach. This can be confirmed from the dissimilar trend of variation of resolution with number of stages for the scaled 1.5 cm column defined by Equation (4). The slope of correlation (4) is different compared to the lab scale trend as predicted by correlation (3). 
Constant BvH sCale-up: By H/D <19 [C BvH,(H/D) <19 ]
In the constant C BVH , (H/D<19) scale up approach, flow velocities or flow rates were modified according to the bed height of the scaled column to keep the retention time the same as that of the bench scale system. Scaleup trials in a bigger 2.5 cm diameter column did not reproduce the lab scale performance. However, a little resolution of peaks C 1 and C 2 was observed as compared to no resolution of the C V,(H/D<19) strategy. This was also because of insufficient height available for resolution in the scaled 2.5 cm diameter column. These conditions were substantially improved when the column height was increased up to 8.5 cm in the 1.5 cm diameter column. It reproduced the resolution performance of the lab scale column. Overlay preparative chromatograms of the lab scale (1.0 × 19 cm column) run and the scaled (1.5 × 8.5 cm column) trial by the C BVH,(H/D<19) strategy at a flow velocity of 76 cm h -1 are shown in Figure 6 . It can be visualized from Figure 6 that the C BVH,(H/D<19) approach reproduces the bench scale trend of resolution of peaks C 1 and C 2 . This can also be confirmed from the variation of resolution with the number of stages correlated by Equation (5). (5) The lower value of the intercept in Equation (5) than for the bench scale indicates the limit of maximum possible resolution. This was due to lower bed height and number of plates in the scaled column system. However, the identical slope of Equation (5) of 1.5 cm × 8.5 cm column scaled by C BVH,(H/D<19) as that of Equation (3) of the lab scale indicated similar band movement or zone broadening variation with flow velocity. This means that C BVH reproduces hydrodynamic conditions similar to those of the lab scale column even if the scaled height was lower than lab-scale. Thus, C BVH is an efficient scale up strategy for radial scale up, but not for the cases where the scaled bed height is substantially lower (H/D <2 for 2.5 cm dia. column) compared to the bench scale system. In such cases, scale-up may under-produce the lab performance due to the lower number of stages. Therefore, for the systems where final purity of product is an essential attribute, during scaling of the process it is recommended to find the optimum height for separation at the bench or pilot scale.
Constant veloCity sCale up: By H/D=19, C v, (H/D)l=(H/D)s
Overcoming the inadequacy of the earlier constant velocity scale-up was tried by keeping the H/D ratio and velocity the same as that of bench scale. This confirms the effect of aspect ratio on scale-up strategies while scaling. Therefore, in this concept, the scaled height of 1.5 cm and 2.5 cm diameter columns was larger than bench scale to maintain the bench scale H/D ratio. Loading was done in accordance with Equation (1) for these larger diameter columns. Based on the constant velocity concept, the operating parameters were estimated and bed height was as per the (H/D) L =(H/D) S concept. As the flow velocity in the scaled column was constant relative to that of the lab scale column, the processing time of the larger volume scaled column is higher than the lab level. Overlaid preparative chromatograms of Figure 7 shows the effect of the C V, (H/D)L=(H/D)S strategy on resolution of the C 1 and C 2 peaks in the scaled 1.5 cm column in comparison with the lab scale 1.0 cm column. Such overlaid comparison of the scaled 2.5 cm × 47.5 cm column was not possible due to the substantially larger run time than lab scale. .
.
The comparison showed higher resolution in the scaled 1.5 cm column than bench scale in the range of 78 to 152 cm h -1 . This was due to the higher number of stages provided by the larger 28.5 cm height, which was 1.5 fold larger than the 8.5 cm height used for the earlier C V,(H/D<19) strategy (Figure 8a) .
However, the trend of variation of resolution with velocity was similar to that of bench scale. Therefore, the slope of the hydrodynamic performance predicted by Equation (6) of the scaled 1.5 cm diameter column for C V, (H/D)L=(H/D)S conditions is identical to that of Equation (3) of the lab scale system. This is not the case with the scaled column of 2.5 cm diameter, mainly due to the 2.5-fold larger height and longer retention time relative to the lab scale. This means that the C V scale-up approach may reproduce the lab hydrodynamic performance for scaled system up to 1.5 times larger height scaled columns than lab scale; beyond that substantial deviation was observed.
(6)
Constant BvH sCale up: For H/D=19, C BvH, (H/D)l=(H/D)s
The design and operating conditions reported in Table 3 
This identical slope and intercept of Equation (7) to that of bench scale Equation (3) (Ingle and Lali, 2017) . As a result of this, UNOsphere provides maximum intraparticle area for resolution for velocities lower than 152 cm h -1 , beyond which loss of pore area accessibility affects hydrodynamic performance and reduces resolution. Therefore, a plateau of resolution values was observed in the range of 152 to 229 cm h -1 flow velocities. The experimental outcome indicated that the unnecessary prediction of taller height to keep the H/D ratio the same as that of lab scale system causes extra resin volume and sometime higher resolution (Figures 6 and 8) at corresponding flow conditions. Such conditions will be responsible for the under utilization of resin volume during scale-up. Therefore, radial scale-up by keeping the height the same as that of the bench scale system is successful for the scale-up of the equilibrium type purification systems. This involves a number of optimization trial-error experiments at the lab scale and pilot scale level to establish the desired purification height. Another way is the prediction of the optimum height by establishing the empirical correlations by conducting experiments at the bench scale. Therefore, in the present work an empirical equation was devised for the prediction of optimum height for whey protein resolution.
Equation for the Prediction of Scale-up Performance of WPC Resolution System
The equation for the variation of resolution in terms of number of plates and separation factor is as follows (Meyer, 2004): (8) where N is the number of theoretical stages, k 1 = capacity factor with respect to peak C 1 , k 2 is the capacity factor with respect to peak C 2 , K'= (k 1 +k 2 )/2 and α is the separation factor (k 2 /k 1 ). Equation (8) signifies the pronounced effect of number of plates and retention time on resolution. But it can be observed from the above two scale-up methods that the number of plate is a height dependent parameter. It changes with column height even when zone broadening or hydrodynamic performance is reproduced properly in the scaled column. To account for this phenomenon, the present investigation modifies the number of plates term by using the height independent HETP with the correlation reported by Rathore and Velayudhan, (2002) . (9) where t R is the retention time of solute or first central moment and H T /u is the equation correlating the relationship of the HETP vs. velocity (u) plot. Thus, the equation of resolution can be expressed in terms of operating parameter and HETP as: (10) where V is the volume of the column and Q is the flow rate. It can be observed from Equation (10) that the resolution factor can now be predicted if the variation of HETP with flow velocity is known. To find out the HETP and its dependence on flow velocity in the process of separation of WPC components, the variation of the HETP as a function of flow velocity was determined. Therefore, the HETP data obtained for the bench scale (1.0 cm diameter) separation and the scaled trials by the C V and C BVH strategies for the . . R N 0 003 0 57
1.5 cm diameter column were studied as shown in Figure 10 .
The constant velocity scale-up strategy showed HETP-velocity relationships (linear, H = 0.00033 u for C V,H/D <19 and logarithmic, H = 0.142 Ln u for C V, (H/D)L=(H/D)S ) which are completely different from the lab scale system performance. However, C BVH produces identical logarithmic variation of HETP with velocity for both H/D<19 and (H/D) L = (H/D) H criteria to that of lab scale performance as defined by Equation (11).
(11) Equation (11) closely correlates the variation of HETP with velocity over the range of design and operating conditions if the scale up criterion is C BVH . Therefore, by developing such HETP-velocity relationship at the lab scale, it is possible to predict the optimum height for the scaled condition by simultaneous solution of Equations (10) and (11).
Validation of the Modified Resolution Equation by Comparison with Experimental Results
During scale-up, productivity decides the velocity and column dimensions. Only void volume and retention time changes in the scaled column. But by keeping constant loading per unit volume, the same elution conditions with packing of the same resin, a similar distribution of solute components between solid and liquid phases occurred. This reproduces the capacity factor and separation factor of the bench scale system. Depending on the above conditions, the resolution of peak C 1 and C 2 was predicted by simultaneous solution of Equation (10) and (11). Figure 11 shows the comparison of experimental data points obtained for the bench scale 1.0 cm × 19 cm column, the scaled 1.5 ×8.5 cm (lower H/D ratio than lab scale) and 2.5 cm × 47.5 cm (H/D ratio = H/D bench scale) columns with the values predicted for resolution by Equation (10). The close agreement of the model equation curves and experimental data points of Figure  11 indicated that the equation developed predicts resolution in accordance with the experimental values for different aspect ratio scaled columns.
CONCLUSIONS
This study presented the development of a onestep purification process for the resolution of various proteins of whey using UNOsphere S. The study also presented scale-up of this whey separation system by various scale-up strategies. This is done by conduction of scale-up trials at various scales and generation of scale-up data for different scale-up approaches. The comparison of separation performance of scaled experiments with lab level over a wide range of operating conditions was done by HETP-velocity and resolution-velocity relationships. The scale-up experiments for the present separation process showed that C BVH is an accurate method for the scale-up of equilibrium type purification systems due to recreation of the hydrodynamic conditions of the bench level irrespective of design parameters of the scaled system. The work also highlighted the importance of optimum bed height in the scaled column for the reproduction of the lab level separation performance. Therefore, the work suggests prediction of the optimum height by experimentation or by developing empirical correlations for the desired resolution or separation before scaling-up the purification system. The work presented a handy empirical equation on the basis of lab level HETP-velocity correlations to predict performance over a range of scale-up conditions. The developed correlation (Equation (10)) can also be applied for the prediction of the height of the scaled column to achieve the desired or lab scale resolution. Moreover, the work showed that scale-up of a specific equilibrium separation system is more accurate and flexible by developing empirical correlations based on lab scale data. The work provides the details of the effects of scale-up factors on the reproduction of separation performance, providing the guidelines for the selection of a suitable strategy for the scale-up of a chromatographic purification system. 
